Abstract Intracellular proteins are degraded largely by proteasomes. In cells stimulated with gamma interferon , the active proteasome subunits are replaced by "immuno" subunits that form immunoproteasomes. Phylogenetic analysis of the immunosubunits has revealed that they evolve faster than their constitutive counterparts. This suggests that the immunoproteasome has evolved a function that differs from that of the constitutive proteasome. Accumulating experimental degradation data demonstrate, indeed, that the specificity of the immunoproteasome and the constitutive proteasome differs. However, it has not yet been quantified how different the specificity of two forms of the proteasome are. The main question, which still lacks direct evidence, is whether the immunoproteasome generates more MHC ligands. Here we use bioinformatics tools to quantify these differences and show that the immunoproteasome is a more specific enzyme than the constitutive proteasome. Additionally, we predict the degradation of pathogen proteomes and find that the immunoproteasome generates peptides that are better ligands for MHC binding than peptides generated by the constitutive proteasome. Thus, our analysis provides evidence that the immunoproteasome has co-evolved with the major histocompatibility complex to optimize antigen presentation in vertebrate cells.
Introduction
The proteasome, an ATP-dependent, multi-subunit protease, plays the central role in intracellular protein degradation (Stoltze et al. 2000a; Kloetzel 2001; Yewdell and Bennink 2001) . After protein substrates have been degraded, the resulting peptide fragments are translocated from the cytoplasm to the endoplasmic reticulum and then loaded onto major histocompatibility complex (MHC) class I molecules (Rock and Goldberg 1999) . The recognition of the peptide-MHC complex on the cell surface by a cytotoxic T cell (CTL) causes lysis of the cell. This cellular response plays a crucial role in eliminating intracellular pathogens.
The eukaryotic proteasome is a complex formed by regulatory units and one cylindrical enzymatic chamber, the 20S proteasome. The 20S proteasome consists of 14 different protein subunits (Groll et al.1997) , of which only three have an active site (Groll et al. 1997 (Groll et al. , 1999 Heinemeyer et al. 1997; Tanaka and Kasahara 1998) Tanaka and Kasahara 1998) . Thus two forms of proteasome exist: the "immunoproteasome", which is expressed in cells stimulated by gamma interferon (IFN-g) or tumor necrosis factor alpha (TNF-a), and in primary and secondary lymphoid organs, and the "constitutive proteasome", which is expressed in healthy, normal tissues and in immune-privileged organs such as the brain (Dahlmann et al. 2000; Noda et al. 2000; Kuckelkorn et al. 2002) . During an antiviral or antibacterial immune response, immunoproteasomes largely replace constitutive proteasomes (Khan et al. 2001) . This replacement has a positive effect on MHC class I restricted antigen presentation, as has been demonstrated in several systems (see, for example, Kuckelkorn et al. 1995; Ehring et al. 1996; Morel et al. 2000; Sijts et al. 2000b; Van Hall et al. 2000; Chen et al. 2001; Khan et al. 2001; Schultz et al. 2002) . The immunoproteasomes are not absolutely necessary to generate immunogenic epitopes, but immunodominant epitopes are mainly generated by the immunoproteasomes .
Phylogenetic analysis of the active subunits reveals that the immunosubunits evolve faster than their constitutive counterparts (see Hughes 1997 and our results below) . This suggests a possible functional differentiation between the constitutive subunits and their immuno counterparts. Although different forms of proteasomes have been recognized for some time and have been studied extensively in vitro, the degradation data available does not give a clear picture of the specificity of different forms of the proteasome. The immunoproteasome has a greater capacity to cleave after hydrophobic and basic residues and a lower capacity to cleave after acidic residues. Consequently, the immunoproteasome should generate more MHC ligands. However, it appears that the induction of the immunoproteasome can also abrogate the presentation of antigens (Morel et al. 2000) (for a review on this subject see Van den Eynde and Morel (2001) . Some epitopes are generated by both proteasomes (see, for example, Sun et al. 2002) . Thus, the limited number of epitopes/proteins that are studied do not provide (1) a clear and quantitative picture of the specificity of the two proteasomes, (2) the effect of the specificity differences on a genome level (both for self and non-self) and (3) direct evidence that the immunoproteasome actually generates more antigenic peptides. Here we use a bioinformatics analysis to quantify the differences between the two forms of proteasomes based on the degradation of yeast enolase protein by human constitutive proteasome and immunoproteasome (Toes et al. 2001) . By using well-defined measures for diversity and information content, we are able to account for the small sample size and the biases that might rise from the choice of epitopes/proteins. Comparing the specificity of the two types of proteasome, we are able to quantify that the immunoproteasome is more specific than the constitutive proteasome. Such an analysis allows us to predict the consequences of the specificity divergence at the pathogen proteome level, instead of being limited to one or a few epitopes (as is the case in experimental systems). The predictions of degraded peptides on a large data set of pathogen proteins suggest that the specificity of the immunoproteasome has co-evolved with the specificity of the MHC molecules at the C-terminal, but not at the Nterminal.
Materials and methods

Phylogenetic analysis
Complete protein sequences of the subunits were used in the phylogenetic study. The protein sequences were obtained from NCBI (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) using a search based on annotation. To complete the data set a BLAST search was performed (http://www.ncbi.nlm.nih.gov/blast/, Altschul et al. 1990) , because the annotation is not very consistent among organisms. The accession numbers of the proteasome sequences are given in Table 1 .
Multiple alignments were made using ClustalW, and the Gonnet series was used to compute distances between sequences. Phylogenetic trees were constructed using the Neighbor Joining method. The numbers of synonymous and non-synonymous substitutions between two DNA sequences were calculated using the method of Yang and Nielsen (2000) . This is an approximate method, involving three steps: counting synonymous and non-synonymous sites in the two sequences, counting synonymous and nonsynonymous differences between the two sequences, and correcting for multiple substitutions at the same site. The method takes into account two major features of DNA sequence evolution: the transition/transversion rate bias and the base/codon frequency bias.
Information and diversity measures
The Shannon information content (Shannon1948) at position i, I(i), in an alignment is defined as
is the probability that a particular amino acid L occurs at position i in the alignment. The unit of I(i) is bits per amino acid. The maximum information content is log 2 20=4.3 and it is obtained if at position i always the same amino acid is observed. The minimum Shannon information is zero and it is obtained if all amino acids occur with same frequency at position i. The Kullback-
where p L i is the probability that the amino acid L will occur at position i, q L i is the probability that a particular amino acid L will occur e.g., in natural proteins (background distribution). In this way the information content is corrected for the distribution of amino acids in natural proteins. To measure the diversity at position i in an alignment we define D(i)=1/SI(i), where SI(i) is the Simpson index,
If position i is fully conserved, e.g., if it is always a valine, then D(i)=1, if position i is fully degenerate where each amino acid occurs with same frequency, D(i)=20 . In all cases the probabilities satisfy P 20 L¼1 p L i ¼ 1.
Viral and human proteins
We compiled SwissProt version 39 [http://www.expasy.org/sprot/ sprot-top.html, Bairoch and Apweiler (2000) ] to build a representative set of human proteins and human viruses. The final data sets consisted of 6,041 human proteins and 1,304 viral proteins (excluding HIV). Neither of the sets was homology reduced. The total number of amino acids in the human set was 2.910 6 , giving a maximum of 2.8510 6 9mers. The total number of amino acids in the pathogen set was 5.310 5 , giving a maximum of 5.210 5 9mers.
Prediction of cleavage sites
To predict cleavage sites in proteins we use amino acid frequencies occurring at and around the cleavage sites during degradation of yeast enolase by the immunoproteasome and the constitutive proteasome, as given in Toes et al. (2001) . In this paper we adapted the data for the immunoproteasome cleavages in Table 2 . For each position i in a protein we define the probability that a position will be used by the immunoproteasome as a cleavage site (i.e., as a P1 Table 1 Accession numbers of proteasome subunit sequences used in phylogenetic analysis. Individual subunits are named using homologous subunit names in human. We use the nomenclature suggested by Baumeister et al. (1998) ; for some subunits the old nomenclature or original annotation is given in parenthesis. Abbreviations used in the phylogenetic trees are given after the organism names Toes et al. (2001) for the C k values.These definitions are based on the assumption that each amino acid in the peptide contributes independently to the cleavage probability. We corrected the I k and C k values for the amino acid distribution in yeast enolase, and then ranked each position in 6,041 human and 1,304 pathogen proteins (compiled from Swissport version 39, see above) according to their P i and P c values. In the enolase protein 28.1% and 32.6% of positions are used by the immunoproteasome and the constitutive proteasome, respectively. Thus, it is predicted that the positions with P i values falling in the top 28% will be used by the immunoproteasome as cleavage sites and that the positions with P c values falling within the top 33% will be possible constitutive proteasome cleavage sites.
MHC binding predictions
The amino acid weight matrices of HLA-A*0201, HLA-A*0205, and HLA-A*3101 were downloaded from http://bimas.dcrt.nih.gov/ molbio/hla_bind/ (April 2002). These three alleles were chosen because their weight matrices were sufficiently detailed to allow for an almost continuous ranking of the peptides. In the weight matrices, dominant anchor residues have the highest weights, followed by auxiliary anchor residues, and favorable amino acids. Unfavorable amino acids have a weight of less than one. The binding score of each MHC-peptide combination is defined as Q 9 i¼1 w i ; where w i is the weight index of the amino acid at position i in the peptide. This definition is based on the assumption that each amino acid in the peptide contributes independently to the binding score.
Results
The immunosubunits evolve faster than their constitutive counterparts
The first gene duplication giving rise to the general structure of the proteasome in eukaryotes probably occurred prior to the divergence of archaebacteria and eukaryotes (Hughes 1997; Wollenberg and Swaffield 2001) . Thereafter, gene duplications occurring prior to the divergence of hagfish and lamprey from jawed vertebrates resulted in immunosubunits (Hughes1997). We performed a phylogenetic analysis to compare evolutionary traits of different eukaryotic proteasome subunits. The results of this analysis are shown in Fig. 1 . The immunosubunits accumulated more mutations than the constitutive counterparts, in agreement with an earlier study by Hughes (1997) . There are two possible explanations: (1) the immunosubunits are encoded in a region that has higher mutation rates, i.e., they are encoded in a mutational "hotspot", or (2) the immunosubunits change faster than their constitutive counterparts. Next, we calculated the rates of synonymous (ds) and non-synonymous (dn) nucleotide substitution per site using the method of Yang and Nielsen (2000) . These values are given in Table 3 . Even though the immunosubunits are encoded in mutational hotspots, the ds value is not significantly different between the constitutive subunits and the immunosubunits (P>0.09 on Welch Two Sample t-test). However, the dn value for immunosubunits is significantly higher than it is for constitutive active (P=0.02) and inactive (P=0.009) b subunits and for a subunits (P=0.01). This results in higher dn/ds ratios for the immunosubunits ( Table 3 ) and suggests that the immunosubunits are changing faster. The subunits that do not have enzymatic activity have lower dn/ds ratios. The immunosubunits are nevertheless not the fastest evolving Table 1 . A multiple alignment is made using ClustalW, pairwise distances are calculated using Gonnet series and the trees are constructed using Neighbor Joining. The trees are rooted on non-vertebrate species molecules involved in antigen processing and presentation; MHC molecules evolve even faster (Hughes and Nei 1988, 1989; Tanaka and Nei 1989; and Table 3 ]. In summary, this phylogenetic analysis points to a functional differentiation between the immunoproteasome and the constitutive proteasome.
The immunoproteasome is more specific than the constitutive proteasome
To pinpoint functional differences between immunoproteasomes and constitutive proteasomes, we use the degradation data of Toes et al. (2001) . In short, proteasomes were purified from EBV-transformed B cells. Constitutive proteasomes were isolated from a cell line lacking LMP-2 (b-1i) and LMP-7 (b-5i). Lack of LMP-2 results in a defect to incorporate MECL-1 (b-2i) in the proteasomes; thus this cell line does not have any immunoproteasomes. The immunoproteasomes were isolated from cell lines that were capable of expressing and incorporating all three immunosubunits. The yeast enolase protein was incubated separately with immunoproteasome and the constitutive proteasome at a molar ratio of 150:1. The digestion reaction was stopped when 50% of the substrate was degraded. To calculate how often a possible site was actually used, the absolute amount of each peptide detected was determined by Edman sequencing. The details of the experimental procedure are described in Toes et al. (2001) . Toes et al. (2001) calculated the frequency distributions of amino acids at cleavage sites and their flanking regions ( Table 2 ). The cleavage occurs between the P1 and the P1 0 position (Berger and Schechter 1970) . It has been suggested that the P1 position is the most important position determining cleavage (Altuvia and Margalit 2000; Cascio et al. 2001) , although the flanking region may also be important (Ossendorp et al. 1996; Beekman et al. 2000; Mo et al. 2000) . One way of analyzing such data is to calculate the information content at the cleavage site and in the region flanking the cleavage site. We use two different information measures. The first one is the Shannon information, which is a measure of to what extent a position in a sequence is conserved (Shannon 1948) . The second information measure is the KullbackLeibler information, which identifies by how much the observed distribution differs from the background distribution. In other words this measure corrects the information content for the distribution of amino acids in natural proteins. Both information measures are defined in Materials and methods.
The information content for the P1 position in the immunoproteasome digests is much higher than in the constitutive proteasome digests (Fig. 2a, b) . In other words cleavage by the immunoproteasome is restricted to fewer amino acids, whereas the constitutive proteasome is more degenerate, i.e., many different amino acids can be used as potential cleavage sites. Thus, these results suggest that the immunoproteasome is more specific than the constitutive proteasome. Another measure for comparing the specificity of the two forms of the proteasome is the diversity of amino acids present at the P1 position, as defined in terms of the Simpson index (see Materials and methods). This diversity measure yields a value between 1 and 20; the higher the diversity the more degenerate the proteasome (i.e., 20 means that all amino acids are used with equal frequency at a position, and 1 Fig. 2 Information content and diversity at and around the cleavage sites of the immunoproteasome (black circles), and the constitutive proteasome (red circles). The figure is generated using the frequency data of Toes et al. (2001) . Upper left panel represents the Shannon information, upper right panel represents the Kullback-Leibler information, and lower left panel represents diversity (all defined in Materials and methods). Lower right panel is a sequence logo for the P1 position. This sequence logo has been corrected for the fact that some amino acids are found frequently or rarely in enolase protein, i.e., it is based on Kullback-Leibler information. As a result some amino acids are represented as upside down letters indicating that these occur less frequently than in the enolase. I-P1 is the P1 position of the immunoproteasome digests, and C-P1 stands for the P1 position of the constitutive proteasome digests (similarly for P1 0 and P2 0 positions). Amino acids are color coded according to their physicochemical characteristics. Neutral and polar, green; basic, blue; acidic, red; neutral and hydrophobic, black. One can also define a distance measure to quantify the difference in specificity of the immunoproteasome at different means that only a single amino acid is found at a position). The diversity of the P1 position of the immunoproteasome digests is 5.83, and that of the constitutive proteasome is 9.53 (Fig. 2c) , again suggesting that the immunoproteasome is more specific. Note that the diversity of the enolase protein is 18.45 averaged over each position. The two proteasomes are also differentiated on the basis of the preferred amino acids at the P1 position. In Fig. 2d we show the distribution of amino acids at the P1 position in the form of a sequence logo. A sequence logo (Schneider and Stephens 1990 ) is a clear visualization of (1) to what extent a position in a sequence is conserved (given by the height of a bar, the information content) and (2) which amino acids are most frequently found at a particular position (the height of each amino acid in the logo is proportional to the frequency of occurrence at that position). The constitutive proteasome seems to use the acidic amino acids D and E more than one might expect from their distributions in the enolase protein. In the sequence logo of the P1 position of the immunoproteasome (Fig. 2d ), D and E are drawn upside down, indicating that these amino acids are used less frequently than expected according to their occurrence in the enolase protein. Thus, the immunoproteasome makes considerably less use of the acidic amino acids than does the constitutive proteasome. This is in agreement with earlier experimental data (Eleuteri et al. 1997; Cardozo and Kohanski 1998) . At positions P1 0 and P2 0 , however, the two forms of proteasomes have hardly differentiated, see Fig. 2d ; distances are reported in the figure caption. Since immunosubunits are the result of gene duplications occurring prior to the divergence of hagfish and lamprey from jawed vertebrates, this analysis suggests that the selection pressure that caused the differentiation of immuno and constitutive subunits was in operation only for P1 position.
We can repeat the analysis without taking into account the frequency with which fragments are produced, i.e., we can only look at the observed cleavage sites. According to the cleavage maps reported in Toes et al. (2001) , out of 436 residues in enolase, 55 sites are used by the immunoproteasome only, 73 by the constitutive proteasome only and 69 by both proteasomes. In other words, the fraction of sites used by the immunoproteasome is (55+69)/436=0.28 and by the constitutive proteasome (73+69)/436=0.33. The expected value of the overlap then becomes 0.280.33436=40 sites, i.e., the observed overlap is larger than the expected value. The large overlap was also observed in an independent study (Peters et al. 2002) . The 55 sites used exclusively by the immunoproteasome are clearly more specific than the 73 sites used only by the constitutive proteasome as demonstrated by the high information content, and by the low diversity at the P1, P2 and P5 0 positions used by the immunoproteasome, see Fig. 3a-c. In Fig. 3a, b , the Kullback-Leibler information is much lower than the Shannon information for the cleavage sites that are used by both proteasomes. This means that the overlapping sites consist mainly of frequent amino acids that do not carry much information, i.e., the overlapping sites are not very specific. The sites used only by the constitutive proteasome contain hardly any motifs, which is consistent with the low information content and the high diversity of amino acid usage. This suggests that the constitutive proteasome uses semi-specific and degenerate sequence signals to cleave a protein. Again, the acidic amino acids are hardly used by the immunoproteasome (Fig. 3d) and the different amino acid preference is observed only for P1 position (results not shown), i.e., at P1 0 and P2 0 positions the specificity of the immunoproteasome and the constitutive proteasome is similar. The frequency of amino acids at the 239 sites that are used by neither of the proteasomes hardly deviates from the average amino acid 0 and P2 0 positions are not shown, but they follow the same trend as in Fig. 2, i. e., the immunoproteasome and the constitutive proteasome have similar specificities at P1 0 and P2 0 positions. The color coding of amino acids is as in Fig. 2 frequency in enolase (results not shown). Thus, the sites that are not used for cleavage do not contain information about sequence motifs inhibiting proteasomal cleavage.
Since all these results suggest that immunoproteasome is a more specific enzyme, one would expect the immunoproteasome to use fewer cleavage sites in a given protein. Therefore, it is remarkable that when enolase was degraded with immunoproteasomes and constitutive proteasomes, approximately the same number of cleavage sites were observed (similar results were obtained for degradation of ovalalbumin Cascio et al. 2001) . One reason for this is that the immunoproteasome uses leucine, which is a very abundant amino acid, much more frequently than the constitutive proteasome. Therefore, the immunoproteasome seems to be able to degrade proteins efficiently despite its increased specificity and as a result of this the replacement of the constitutive subunits by immuno subunits does not inhibit cellular growth or viability (Groettrup et al. 2001a) . This is important since the cells expressing the immunoproteasome transiently, or for longer periods, need to maintain the necessary housekeeping operations.
The immunoproteasome generates more MHC ligands
The above data analysis gives a clear indication of functional differences between the two forms of proteasome. Going one step further, one can analyze the general pattern of the peptides that are expected to be generated from human and/or pathogen proteomes by each form of proteasome. We predict the products of the constitutive proteasome and the immunoproteasome using a simple algorithm based on the frequency data of Table 2 (see  Materials and methods) .
Throughout the paper we take the length of a predicted peptide as the distance between two consecutive predicted cleavage sites. Fig. 4 depicts the distribution of lengths of predicted fragments from viral proteins. Similar distributions are obtained for human proteins. Often peptides are produced by the proteasome with an extension on their amino-termini (Cascio et al. 2001) . Aminopeptidases in the cytosol or in the endoplasmic reticulum trim the Nterminal of these peptides (Stoltze et al. 2000b ). Therefore, a possible MHC ligand can be defined as fragments generated by two consecutive predicted cleavages, which are eight to 15 residues apart. According to this definition, 20.28% of the predicted products of the immunoproteasome can become MHC ligands, whereas among the predicted products of the constitutive proteasome, only 16.58% can become MHC ligands. Thus, the immunoproteasome generates significantly more (P<0.001 in a chi-square test) potential MHC Class I ligands than the constitutive proteasome. The constitutive proteasome, on the other hand, generates more short (less than five amino acid) peptides. The lengths of the predicted peptides resemble lengths recorded in the earlier experimental data where both proteasomes generate peptides of length 3-22 amino acids, and the average length is 7-8 amino acids (Kisselev et al. 1999; Toes et al. 2001) . These experimental data were always interpreted as evidence that the immunoproteasome and the constitutive proteasome generate similar size peptides. In our predictions the mean size of the predicted peptides is very similar, too (7.22 for the immunoproteasome, and 7.06 for the constitutive proteasome). However, we do find a significant difference between the percentages of MHC ligands that can be produced by the immunoproteasome and the constitutive proteasome. (Cascio et al. 2001 ) also found that peptides containing the dominant ovalalbumin epitope (SIIN-FEKL) are generated significantly more often by the immunoproteasomes than the constitutive proteasomes despite the fact that the average length of ovalalbumin degradation products was the same for the immunoproteasome and the constitutive proteasome.
The above calculation assumes that each predicted site will be used by the proteasomes, i.e., no overlapping fragments can be generated by the proteasomes. However, it is known that the cleavage process is highly stochastic: overlapping fragments are very often found in the experimental systems, see e.g., Nussbaum et al. (1998) . Thus, each predicted cleavage site will be used with a certain probability by the proteasome and some fragments may overlap. To include this effect, we repeat 50 independent cleavage "simulations" of all viral proteins in our data set, allowing each cleavage to occur with a 50% probability. Including this stochasticity allows for longer fragments, i.e., both immunoproteasome and constitutive proteasome fragment distribution shifts to the right compared to Fig. 4 (results not shown) . Analyzing all the fragments generated in these simula- Fig. 4 Fragment distribution of 1,304 viral proteins from SwissProt (version 39) according to the predicted degradation by the immunoproteasome (filled bars) and the constitutive proteasome (open bars). The prediction method is explained in Materials and methods. The length of a predicted peptide is taken as the distance between two consecutive predicted cleavage sites. A chi-square test was performed to find out if the number of peptides predicted to be generated by the two forms of the proteasomes are different. The individual confidence intervals are given in the figure as P values for peptides of length eight, nine, and ten amino acids tions, we found that 25.63% of immunoproteasome products are potential ligands for MHC molecules, i.e., they are eight to 15 amino acids long, whereas for the constitutive proteasome only 22.4% of the products are potential MHC ligands. These results suggest that independent of ways of defining fragments, the immunoproteasome generates significantly more (P<0.01 in a chisquare test) MHC ligands than the constitutive proteasome.
Co-evolution of specificities: Immunoproteasome generates peptides that fit better to MHC molecules Given the different sequence motifs used by the immunoproteasome and the constitutive proteasome, the peptides generated by these enzymes might interact differently with MHC molecules. To analyze this, we study binding motifs from human MHC class I (HLA) molecules from the A and B loci. At the moment binding motifs are available for 25 HLA-A alleles and 57 HLA-B alleles alleles in the SYFPEITHI database [http://www.unituebingen.de/uni/kxi/, (Rammensee et al. 1999) ]. The sequence logos of MHC binding motifs are given in Fig. 5 . Although there are some exceptions, almost all of these MHC molecules use position two and nine as an anchor residue (see Fig. 5 ). Clearly, the most conserved position is position nine, and all MHC molecules included in this analysis prefer neutral and hydrophobic amino acids at position nine. The HLA-C locus is not included in our analysis because the binding motifs of only a very limited number of HLA-C alleles are known.
We compare these motifs with the cleavage motifs of the immunoproteasome and the constitutive proteasome. Note that when a peptide is generated by the proteasome, the last position of the peptide, e.g., position nine in a 9mer , corresponds to the P1 residue. The distribution of the amino acids at the C-terminal of the predicted viral 9mers is shown in Fig. 6 . The figure shows only the amino acids that are used significantly differently by the constitutive proteasome and the immunoproteasome. The amino acids that tend to be used as anchor residues by human MHC molecules (i.e., L, F, I, Y) are used more frequently by the immunoproteasome. The amino acids that are known to inhibit MHC binding (i.e., D, E and Q) are used less frequently by the immunoproteasome than by the constitutive proteasome. A similar distribution is obtained for possible MHC ligands, i.e., predicted peptides that are 8-15 amino acids long (results not shown). A limited number of HLA alleles use positively charged amino acids at position nine, e.g., HLA-A3 and HLA-A11. However, it is shown that inhibition of the proteasome activity does not affect the antigen presentation by these molecules (Benham et al.1998) , suggesting that the ligands for these alleles are generated via other proteolytic processes. Similar results have been obtained for predicted human peptides (results not shown).
One can use a publicly available MHC-peptide binding predictor to quantify how well the predicted peptides bind to different human MHC molecules. In the viral data set there are approximately 5.210 5 possible 9mers. We Table 4 Average generation probability of good MHC binders. The binding affinity of all possible viral 9mers (5.210 5 ) is predicted for three human MHC molecules. Then, for the 1,000 9mers with highest binding capacities per MHC molecule we calculated the probability of being generated (i.e., being precisely cleaved in the C-terminus) by the immunoproteasome and the constitutive proteasome (as explained in Materials and methods). IP gives the average probability of being generated by the immunoproteasome and CP gives the similar probability of being generated by the constitutive proteasome predicted the binding of all these 9mers for HLA*0201 molecule (see Materials and methods) and ranked the 9mers according to their binding affinities. Then we calculated the probability that the first 1,000 high affinity 9mers would be generated (i.e., would be cleaved precisely at the C-terminal) by the immunoproteasome and the constitutive proteasome (as explained in Materials and methods). We repeated the same calculation for HLA*0205 and HLA*3101 molecules. The results are given in Table 4 . In all cases the high affinity 9mers are significantly more likely to be generated by the immunoproteasome than by the constitutive proteasome (P<0.01 in a chi-square test). Similar results are obtained with the simulations where we add stochasticity to the predicted cleavage sites. As mentioned above, this allows for generating overlapping fragments, however, the fragments generated by the immunoproteasome remain to be binders of human MHC molecules (results not shown). Taken together, these results support the hypothesis that the specificity of the MHC has co-evolved with the specificity of the immunoproteasome, but not with that of the constitutive proteasome (Groettrup et al. 2001a (Groettrup et al. , 2001b . This co-evolution is limited to the specificity of C-terminal of MHC ligands and the specificity of the P1 position in the immunoproteasome digests. The P1 0 and P2 0 positions do not become the N-terminal of MHC ligands, due to additional trimming that takes place in the cytoplasm and the endoplasmic reticulum (Cascio et al. 2001; Stoltze et al. 2000b) . Therefore, the specificity of the immunoproteasome and the constitutive proteasome has not diverged at these positions (Fig. 2) . Comparison of Fig. 2 with Fig. 5 also suggests that the specificity of MHC at the N-terminal does not resemble the specificity of the proteasomes at the P1 00 and P2 00 positions.
Discussion
Using a simple bioinformatic analysis we show that the immunoproteasome has evolved to become a more specific enzyme than its constitutive counterpart and that the evolved specificity fits well with the specificity of human MHC molecules at the C-terminal. Such a coevolutionary process increases the efficiency of the antigen presentation of the host (Groettrup et al. 2001a (Groettrup et al. , 2001b . Both types of proteasome seem to have a similar efficiency in degrading proteins, despite the fact that the constitutive proteasome uses more degenerate sequence motifs for cleavage. These findings have important consequences for selftolerance. The immunoproteasome and the constitutive proteasome generate different sets of self peptides. Out of more than 2.85 million possible self 9mers included in this study, less than 4% were predicted to be generated either by the immunoproteasome or the constitutive proteasome and only approximately 0.3% of all possible self 9mers were predicted to be generated by both. Activated antigen-presenting cells expressing the immunoproteasome are expected to present a different subset of self peptides than the constitutive proteasome (Groettrup et al. 2001a ). Thus, in order to prevent autoimmune reactions, the self has to be learned in the context of the immunoproteasome, i.e., the negative selection of T cells should be performed by antigen presenting cells which express immunoproteasomes. Possible cross-reactivity between self and non-self is further reduced if the majority of self and non-self are degraded by different forms of proteasome, because the two forms of proteasome use different cleavage motifs.
The immunoproteasome is a more specific enzyme, and thus it generates a pool of peptides that are less diverse than those generated by the constitutive proteasome: the diversity of the predicted pathogenic 9mers generated by the immunoproteasome is 16.3 on average per position, whereas the diversity generated by the constitutive proteasome is 18.4. Having a less diverse peptide pool enhances antigen presentation because large quantities of MHC ligands become available. Obviously, the specificity of the immunoproteasome could be even higher; however, this creates an easy immune evasion pathway for the pathogens. We recently showed that rapidly evolving viruses, such as HIV, adapt to evade degradation by the immunoproteasome in parts of their genome, but fail to do so in more conserved regions that appear as clusters of epitopes (Yusim et al. 2002 ). Only in rare cases can a virus evolve a protein that can escape proteasomal degradation, like the Epstein-Barr virus (EBV) encoded nuclear antigen (EBNA) 1 (Levitskaya et al. 1997) . This is partly due to the fact that the immunoproteasome prefers to cleave after leucine, the most frequent amino acid and therefore the hardest to avoid. Thus, the level of specificity of the immunoproteasome seems to be a good compromise between preventing immune evasion and generating enough MHC ligands.
Next, one can wonder why the immunoproteasome does not seem to be polymorphic (Van Endert et al. 1992) , since the polymorphism of MHC molecules is crucial for preventing evasion of the host immune response by pathogens. Polymorphism could be very difficult to achieve on two levels. At the individual level, since each cell expresses up to six different MHC class I molecules, an immunoproteasome allele has to co-evolve with different sets of MHC molecules in different individuals. Alternatively if different subunits are encoded in different loci, i.e., if each cell has more than one immunoproteasome molecule, very few MHC ligands would be available. At the population level, the polymorphism of the immunoproteasome requires a very close coupling with the corresponding MHC allele, which is again an evolutionarily difficult strategy. Thus, the immunoproteasome remains non-polymorphic, and MHC molecules cannot diversify their anchor residue usage at position nine because they all operate on the same peptide pool generated by immunoproteasome (Fig. 5) . However, for position two, anchor residue HLA molecules clearly have different preferences.
It has been suggested that the human and mouse immunosubunits function similarly (Niedermann et al. 1997; Sijts et al. 2000a) . If the specificity of the human immunosubunits has co-evolved with human MHC class I molecules, the functional identity between human and mouse immunosubunits implies similarities between the binding motifs of human and mouse MHC class I molecules. For the seven class I mouse MHC binding motifs available in the SYFPEITHI database [http:// www.uni-tuebingen.de/uni/kxi/, (Rammensee et al.1999) , K, L, and D loci], L, I, V, F, and M are preferred at the position nine (or eight) anchor residue, as is the case for human MHC binding motifs (see Fig. 5 ). This suggests that the coupling of the specificities of MHC and the immunoproteasome is conserved across species. This is remarkable since MHC molecules (and to a lesser extent the immunosubunits) evolve very fast.
A possible weak point in our method of predicting which fragments are generated by the immunoproteasome and the constitutive proteasome is the assumption that flanking regions and the P1 position all contribute independently to the cleavage process. This is not necessarily the case: since amino acid side chains have very different physico-chemical properties, the combination of two or more residues can be more cleavage inhibiting or enhancing than each residue on its own. In order to detect such interdependencies, we trained artificial neural networks [as explained in Kesmir et al. (2002) ] using the observed cleavage sites. With these networks we find the fragment length distribution and the amino acid distribution of the C-terminal residues to be similar to the distributions given in Fig. 4 and in Fig. 6 (results not shown). Thus, our results are fairly independent of the prediction method. These networks were trained using the C-terminal of naturally processed MHC ligands (Kesmir et al.2002) . When tested on Toes et al. (2001) data, the networks predict much more accurately the sites that are used by the immunoproteasome than the sites that are used by the constitutive proteasome (results not shown). This provides a separate line of evidence for the co-evolution of the specificity of the MHC at the Cterminal and the immunoproteasome.
Our analysis and the analysis performed by Toes et al. (2001) and Cascio et al. (2001) suggest that the immunoproteasome and the constitutive proteasome clearly have different cleavage preferences. However, a recent study by Peters et al. (2002) failed to find these differences and suggests that the differences between two forms of the proteasome can be an artifact of the reprocessing of substrates in in vitro degradation experiments. Although this possibility cannot be ruled out, Toes et al. (2001) tried to minimize the chance of re-processing by carrying out the degradation experiments until approximately half of the substrates were degraded. Moreover, the analysis performed by Peters et al. (2002) is based on limited data, i.e., the degradation of two relatively short peptides (one 25-mer and one 27-mer), and therefore, it may well be inconclusive with regard to the degradation of proteins.
Differences between the immunoproteasome and the constitutive proteasome are not limited to the subunit composition. Immunoproteasomes contain an IFN-g inducible regulatory unit called the proteasome activator PA28 (Rock and Goldberg 1999; Kloetzel 2001) . PA28 on its own can influence antigen presentation drastically, mainly by changing the kinetics of the degradation process without altering the specificity (Preckel et al. 1999; Stohwasser et al. 2000; Van Hall et al. 2000; Kloetzel 2001; Sijts et al. 2002; Sun et al. 2002) . Moreover, the immunoproteasomes, unlike constitutive proteasomes, may co-localize with TAP and thus increase MHC class I antigen presentation (Brooks et al. 2000) . Using the data of Toes et al. (2001) we are obviously only able to study the effect of immunosubunits on the specificity of the immunoproteasome, and are obliged to omit other important factors which might further influence the peptide repertoire generated by the immunoproteasomes.
